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The nucleoprotein (N) of measles virus encapsidates viral genomic RNA to form a helical nucleocapsid. Its strong
self-association is a major hurdle in determining its high-resolution structure using X-ray crystallography. We report the
bacterial expression, purification, and characterization of a variant N that has lost its ability to form nucleocapsid-like
structures after substitution of two residues by polar residues. Using immunoprecipitation, circular dichroism, and limited
proteolysis studies, we show that this nucleoprotein retains a folding similar to wild-type N. Furthermore, the variant N binds
the phosphoprotein, indicating that it retains biochemical relevance. We also present evidence indicating that the N-terminus
of N lies at the surface of the nucleocapsid. Beyond the identification of one region of N involved in self-association, our
results should facilitate structural studies of N using X-ray crystallography. © 2002 Elsevier Science (USA)INTRODUCTION
Measles virus (MV), a member of the family Paramyxo-
viridae, is a major human pathogen (Griffin, 2001). Its
nonsegmented, negative-sense, single-stranded RNA
genome is packaged by the viral nucleoprotein (N) within
a helical nucleocapsid (Egelman et al., 1989; Finch and
Gibbs, 1970). Transcription and replication are carried
out on this (N:RNA) complex by the polymerase (L) as-
sociated with the phosphoprotein (P) (reviewed in Curran
and Kolakofsky, 1999; Lamb and Kolakofsky, 2001;
Sedlmeier and Neubert, 1998). During genome replica-
tion, viral RNA is encapsidated by N concurrently to its
synthesis (Gubbay et al., 2001). N has the capacity to
self-assemble on cellular RNA to form nucleocapsid-like
particles in the absence of viral RNA and of any other
viral protein (Spehner et al., 1991; Warnes et al., 1995).
Therefore, a regulatory mechanism is necessary to pre-
vent its illegitimate self-assembly in the absence of on-
going genomic RNA synthesis. Indeed, N is found in
several conformations in infected cells. It is first synthe-
sized as a soluble protein localized in the cytosol and
also in the nucleus in the case of MV (Bohn et al., 1990;
Gombart et al., 1993; Horikami and Moyer, 1995). Asso-
ciation of P with N prevents its illegitimate self-assembly
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420and also retains the soluble form of N in the cytoplasm
(Curran et al., 1995; Huber et al., 1991; Spehner et al.,
1997). This N–P complex (called N°-P) is used by the
polymerase to initiate encapsidation of neosynthesized
genomic RNA (Curran et al., 1995; Horikami et al., 1992).
The assembled form of N (called NNUC) also forms com-
plexes with P, either isolated (NNUC-P) or bound to L
(NNUC-(P-L)), which are essential to RNA synthesis by the
viral polymerase (Buchholz et al., 1994; Curran, 1996,
1998; Ryan and Portner, 1990). The regions of N and P
involved in NNUC-P complex formation differ from those
involved in N°-P (Curran et al., 1995; De et al., 2000; Harty
and Palese, 1995; Horikami et al., 1996; Karlin et al., 2002;
Liston et al., 1997; Shaji and Shaila, 1999).
The structural and functional organization of MV N is
detailed in Fig. 1. Deletion analysis and electron micros-
copy (EM) studies have shown that nucleoproteins of
Paramyxoviridae are divided into two regions: an N-
terminal moiety (herein called NCORE), well conserved in
sequence (MV: aa 1–400), and a hypervariable, C-termi-
nal moiety, NTAIL (MV: aa 401–525) (Lamb and Kolakofsky,
2001). Within nucleocapsids, NTAIL protrudes from the
globular body of NCORE (Heggeness et al., 1981). NTAIL
contains the region responsible for NNUC-P binding (aa
456–525 in MV N) and is consequently required for viral
transcription (Bankamp et al., 1996; Buchholz et al., 1994;
Liston et al., 1997; Ryan et al., 1993; Schoehn et al., 2001).
NCORE contains all the regions necessary for self-as-
sembly and RNA binding, since nucleoproteins com-Key Words: Paramyxoviridae; morbillivirus; measles virus
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posed only of the core region can encapsidate neosyn-
thesized RNA into nucleocapsid-like particles (Buchholz; nucle
copy.
et al., 1993; Curran et al., 1993). Within NCORE, deletion
studies have identified regions involved in N–N interac-
tion. The region spanning aa 258–357, called the central
conserved region (CCR), is well conserved in sequence
and mainly hydrophobic (Fig. 1). Several studies have
shown that it constitutes one of the regions involved in
self-association (Liston et al., 1997; Myers et al., 1997,
1999) and in RNA binding (Kouznetzoff et al., 1998; Myers
et al., 1997, 1999). Beyond the CCR, another region of
N–N interaction is found within the first 255 aa of
Paramyxoviridae N (Myers et al., 1997). Residues 189–
239 of MV N could correspond to such a region, since
deletion of this region leads to a nucleoprotein which
can still bind P but has lost its ability to self-assemble
(Bankamp et al., 1996).
To date, no three-dimensional structure of a Paramyxo-
viridae nucleoprotein is known. A major hurdle to X-ray
crystallography techniques is the strong self-assembly of
N to form large nucleocapsids with a broad size distri-
bution when expressed in heterologous systems such as
mammalian cells (Spehner et al., 1991), bacteria (Warnes
et al., 1995), or insect cells (Fooks et al., 1993). Due to
variable helical parameters (Egelman et al., 1989), the
recombinant or viral nucleocapsids are also difficult to
analyze using EM coupled to image analysis. However,
the low-resolution structure of the rabies virus (RV, a
Rhabdoviridae) nucleoprotein in its assembled form has
been determined using this method (Schoehn et al.,
2001). RV N is formed of two lobes, each lobe making
contact with the corresponding lobe of both the preced-
ing and the following nucleoprotein. Functional and
structural similarities between the nucleoproteins of
Rhabdoviridae and Paramyxoviridae are well estab-
lished. In particular, they share the same organization in
two well-defined regions, NCORE and NTAIL, and in both
families the CCR is involved in RNA binding and self-
assembly of N (Kouznetzoff et al., 1998; Myers et al., 1997,
1999). However, they also have functional differences,
such as the number of nucleotides bound per monomer
(Lamb and Kolakofsky, 2001; Rose and Whitt, 2001). It is
not known whether they share the same bilobal morphol-
ogy.
To map further the regions of self-association of N and
to obtain a nucleoprotein amenable to crystallization, we
devised point substitutions of the CCR and of the region
189–239. One substitution impaired self-association of N,
while retaining structural and functional characteristics
of wild-type N.
RESULTS
When expressed in heterologous systems, N self-as-
sembles into very large oligomers that are unsuitable for
high-resolution structural studies, due to large sample
heterogeneity. To circumvent this problem and to map
N–N interactions, we have designed several mutants of
the putative regions involved in self-assembly of N.
Design of mutant nucleoprotein genes
Oligomers of MV N expressed in bacteria do not dis-
sociate in NaCl concentrations up to 1.5 M (Longhi et al.,
unpublished data), suggesting that N–N interactions are
not of ionic nature. One the regions responsible for these
interactions is the CCR (aa 258–357) (Fig. 1), which
contains numerous conserved hydrophobic residues
(Liston et al., 1997; Myers et al., 1997, 1999). Mutants of
the SeV N CCR in which F324 is replaced by either L or
I exhibit defects in self-assembly (Myers et al., 1997).
Since this phenylalanine residue is conserved among all
Morbillivirus and Paramyxovirus nucleoproteins (not
shown), we replaced it by an isoleucine in MV N to yield
NI324Flag-H6.
Another putative region involved in the N–N interaction
is formed by aa 189–239 (Bankamp et al., 1996). The
secondary structure prediction of this region in
Paramyxovirinae N shows the presence of two -helices
(Fig. 2). When looking at the second helix (aa 213–238),
two types of conserved hydrophobic residues can be
found: hydrophobic amino acids spaced with a periodic-
ity of four or five residues, which may correspond to
FIG. 1. Domain organization of MV nucleoprotein. N is divided into two regions: NCORE (aa 1–400) and NTAIL (aa 401–525), separated on the figure
by a dashed line below N. Numbering refers to the untagged N. The epitopes recognized by the monoclonal antibodies Cl120 and Cl25 are shaded.
The N-terminal Flag and C-terminal hexahistidine tag in the recombinant NFlag-H6 are indicated by black bars at the corresponding termini of N. The
N-N (boxed), N-P, and RNA-binding regions are indicated below N. The positions targeted for mutagenesis are shown by arrows. Wild-type residues
are shown in the top position, whereas mutated residues are shown below. Additional unique restriction sites are also shown.
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residues located at the inner side of an amphipatic helix,
and hydrophobic residues (shown in bold and underlined
in Fig. 2), which do not respect this periodicity and which
would be on the exposed side of such a helix. We
reasoned that they might mediate the N–N interaction.
Consequently, we designed mutants in which two or four
of these hydrophobic residues are replaced with polar
residues. In the double-mutant NQDFlag-H6, residues SL
(228–229) were changed to QD; in the double-mutant
NKDFlag-H6, FM (232–233) were replaced by KD; and in the
tetra-mutant NQDKDFlag-H6, all four residues were re-
placed by QD and KD (see Figs. 1 and 2).
Expression and purification of native and substituted
nucleoproteins
The N gene of MV contains numerous arginine codons
AGA that are used with a very low frequency in Esche-
richia coli. Therefore, we coexpressed the plasmid
pUBS520, which supplies the rare corresponding tRNA
(Brinkmann et al., 1989; Karlin et al., 2002) with pET21a/
NFlag-H6 (and all mutant-encoding plasmids derived from
it). Most NFlag-H6 produced in bacteria grown at 37°C was
found in the soluble fraction (Fig. 3A, lane SN). NFlag-H6
was purified to homogeneity (95%) in two steps: immo-
bilized metal affinity chromatography (IMAC) and gel
filtration (GF; Fig. 3A, lanes IMAC and GF). The bands
migrating slightly faster than N (Fig. 3A, lane GF) are
degradation products of N, as confirmed using Western
blot (WB) with anti-N antibodies (not shown).
On the other hand, none of the mutants produced
in bacteria grown at 37°C were found in the soluble
fractions. When expressed at 17°C, NKDFlag-H6 and
NQDKDFlag-H6 were not soluble and were degraded in
C-terminal, as seen using WB with anti-Flag antibodies
(not shown). NI324Flag-H6 was poorly soluble (Fig. 3B, lane
SN) and was purified to about 30% homogeneity in one
FIG. 2. Region of self-association of N targeted for mutagenesis (aa 189–239). Multiple sequence alignment of the N proteins of Paramyxoviridae.
Accession numbers are as follows: Measles: P04851; Hendra: 089339; Rinderpest: P37708; Sendai: P04858; hPIV (human parainfluenza virus type 4A):
P17240; SV5 (Simian virus type 5): Q88435. Predicted secondary structure elements (-helices) are shown below the alignment. Homologous residues
(plurality of 65%) are shown in boxes. Highly hydrophobic positions are marked by a “h.” Positions targeted for mutagenesis are indicated by a “h”
shown in bold and underlined. Asterisks above the multiple sequence alignment indicate positions of amino acid substitutions.
FIG. 3. Purification of the nucleoproteins. Coomassie blue staining of a 10% SDS–PAGE. Purification of N (A), NI324 (B), and NQD (C). TF: bacterial
lysate (total fraction); SN: clarified supernatant (soluble fraction); IMAC: eluant from immobilized metal affinity chromatography; GF: eluate from gel
filtration.
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IMAC step (Fig. 3B, lane IMAC). NQDFlag-H6 was soluble
(about 15%) (Fig. 3C, lane SN) only in the presence of
nonionic detergents and was purified to homogeneity
(95%) in one step by IMAC (Fig. 3C, lane IMAC).
RNA content and molecular weight and of native and
mutant nucleoproteins
We examined the ratio between the optical densities
(OD) of purified nucleoproteins at 280 and 260 nm, which
give indications on their RNA content. The theoretical
OD280/OD260 ratio for N devoid of RNA is 1.4, whereas it is
0.9 for the (N:RNA) complex containing six ribonucleo-
tides per N monomer (see under Materials and Meth-
ods). The ratio measured for the purified recombinant
NFlag-H6 is 0.9, suggesting the presence of RNA within the
nucleoprotein. On the other hand, the ratio measured for
NQDFlag-H6 (1.4) indicates that it contains little or no RNA.
We performed a gel-filtration analysis on NFlag-H6,
NI324Flag-H6, and NQDFlag-H6. They all eluted in the dead
volume of the gel filtration column (not shown). This
indicates a size greater than 1300 kDa, which corre-
sponds either to unspecific aggregates or to high-degree
multimers of N (58 kDa). EM was used to analyze the
NQDFlag-H6 aggregates further.
NQD no longer forms herringbone structures
N produced in MV-infected cells forms nucleocapsids
with a typical herringbone structure that can be visual-
ized by EM (Finch and Gibbs, 1970; Nakai et al., 1969).
EM analysis of purified NFlag-H6 reveals the presence of
typical nucleocapsid-like herringbone structures ranging
in size from 18 to 48 nm (Fig. 4A, arrows). However, most
of the nucleocapsid-like particles appear as rings having
a diameter of 18 nm (Fig. 4A, feathered arrows), corre-
sponding to shorter nucleocapsids seen perpendicularly
to their axis (such a ring can be seen in Warnes et al.,
1995; Fig. 4b).
On the other hand, no herringbone structure is visible
on EM images of NQDFlag-H6 (Fig. 4B), which forms regular
blobs of smaller average size (10 nm). Thus, the assem-
bly of NQD in native-like polymers is disrupted. This
might arise from (i) disruption of the structure of the
individual subunit of the polymer, i.e., major structural
changes in NQD; (ii) nonspecific aggregates of the intact
monomer; and (iii) a different, though specific, self-asso-
ciation mode of the intact subunits. To distinguish be-
tween these possibilities, we explored the structure of
NQD further using limited proteolysis and circular di-
chroism.
A new site sensitive to proteolysis is exposed in NQD
Limited proteolysis is a powerful tool to investigate
structural changes caused by a mutation in a protein
(Hubbard, 1998; Hubbard and Beynon, 2001). To estab-
lish the proteolytic pattern of N, we incubated NFlag-H6 in
the presence of increasing concentrations of trypsin,
which cleaves specifically after Arg or Lys residues. At
low trypsin concentrations, NFlag-H6 is digested to a frag-
ment of about 45 kDa (Fig. 5A, lanes 0.25 and 0.5). Upon
increasing trypsin concentrations, a highly resistant frag-
ment of 43 kDa is obtained (Fig. 5A, lanes 2.5 and 5). The
43-kDa fragment eluted in the void volume of the gel
filtration column (not shown), indicating that it is either
aggregated or still polymerized. A WB with an anti-Flag
antibody (Fig. 5B) showed that this fragment contains the
N-terminal Flag epitope and is thus composed of the
N-terminal moiety of N, NCORE. On the other hand, no
fragment corresponding to the remaining 15–17 kDa
(NTAIL) was detected, indicating that it is hypersensitive to
proteolysis and entirely degraded. Indeed, purified N is
partially degraded in its C-terminal (see Fig. 5B), as
already reported for MV N purified from virions (Giraudon
et al., 1988). The 43-kDa polypeptide purified by gel
filtration was submitted to mass spectrometry, which
indicated that it was composed of fragments with mo-
lecular weights (MW) ranging from 40 to 45 kDa. From
their precise MWs, we deduced that in some fragments
trypsin had cleaved off the first or the second Lys residue
within the Flag, consistent with the decrease in WB
signal (Fig. 5B, compare lanes 0.1 and 2.5). We estimated
that these fragments corresponded to N-terminal frag-
ments with C-termini ranging from aa 362 to 404 in the
sequence of N. In a second, independent experiment,
the major trypsin cleavage site corresponding to the
highly resistant fragment was located more precisely to
Arg 392 (not shown). Thus, after digestion of the hyper-
sensitive tail until around aa 404, trypsin can further
digest N until aa 392, and even as far as aa 362 in the
presence of the highest enzyme/protein ratio (1:200)
used here.
Similar to N, purified NI324Flag-H6 and NQDFlag-H6 were
partially cleaved in their C-terminal region (Figs. 6A and
6B, lane 0). The proteolytic pattern of NI324Flag-H6, moni-
tored using WB with an anti-Flag antibody, was similar to
that of N, yielding a 43-kDa resistant core (not shown).
Proteolysis of NQDFlag-H6 at low trypsin concentrations
also yielded a 43-kDa core (Fig. 6A, lane 0.25). However,
upon increasing trypsin concentrations, and unlike wild-
type N, this 43-kDa fragment was cleaved to yield an
additional fragment of about 18 kDa (Fig. 6B, lane 0.5).
The 18-kDa fragment, still containing the N-terminal Flag
epitope, results from a cleavage at around aa 150. Thus,
a new trypsin-sensitive site that is not accessible in
wild-type nucleocapsids is exposed in the aggregates
formed by NQD.
The circular dichroism (CD) spectra of N and NQD
are similar
NQD has the same organization as N, being divided
into a C-terminal tail hypersensitive to proteolysis and a
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FIG. 4. Comparison of the association states of N and NQD by negative-staining EM. Negative staining electron micrographs. (A) NFlag-H6.
Nucleocapsid-like, herringbone structures are indicated by arrows. Rings (corresponding to short nucleocapsids seen perpendicularly to their axis)
are indicated by feathered arrows. (B) NQDFlag-H6 forms smaller, regular aggregates. The bar represents 50 nm.
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N-terminal core. Whether the secondary structures of
both nucleoproteins are similar was investigated using
CD.
Figure 7 shows the CD spectra of NFlag-H6 (filled circles)
and NQDFlag-H6 (open circles) recorded in 10 mM NaP pH
7.0. The spectrum of NFlag-H6 shows a high positive ellip-
ticity around 195 nm and two minima at 208 and 222 nm.
This spectrum is typical of proteins with a predominant
-helical content. Deconvolution of the spectrum using
the algorithm CDNN (Dalmas et al., 1994) gives a helical
content of about 35%, in good agreement with the PHD
secondary structure prediction (Rost, 1996) of 33.5% helix
(not shown). The deconvolution gives a low -structure
content (about 12%).
The spectrum of NQDFlag-H6 is almost superimposable
to that of NFlag-H6, with the difference being that the two
minima at 208 and 222 nm are less pronounced. Decon-
volution of the spectrum of NQDFlag-H6 also gives a helical
content of about 35% and a low -structure content.
These results suggest that the amino acid substitution
in NQDFlag-H6 has not affected its secondary structure
significantly.
The same epitopes are exposed on N and NQD
To determine whether epitopes exposed on the sur-
face of the native nucleoprotein were still exposed on
NQD, we immunoprecipitated N and NQD from bacterial
lysates using the anti-N monoclonal antibodies (mAbs)
Cl120 and Cl25 (Buckland et al., 1989; Giraudon et al.,
1988) directed against the regions 122–150 and 457–476
of N, respectively (see Fig. 1). Both antibodies recognize
linear epitopes (i.e., they are not conformational antibod-
ies). The substitution in NQD (aa 228–229) lies outside
the epitopes recognized by Cl25 and Cl120, and accord-
ingly, both antibodies recognize NQD on Western blots
(not shown). We also used the mAbs aH6 and aFlag,
directed against the hexahistidine epitope and the Flag
FIG. 5. Limited proteolysis of N. The extent of digestion of N (1 mg/ml) at various trypsin concentrations (g/ml) was monitored on a 15% SDS–PAGE.
M  Markers. The arrows shows undigested NFlag-H6 (60 kDa) and the 43-kDa fragment resistant to proteolysis. (A) Coomassie blue staining. (B)
Western blot with an anti-Flag (aFlag) antibody.
FIG. 6. Limited proteolysis of NQD. The extent of digestion of NQDFlag-H6 (0.2 mg/ml) at various trypsin concentrations (g/ml) was monitored. M 
Markers. The arrows show undigested NQDFlag-H6 (60 kDa), the 43-kDa fragment resistant to proteolysis and a 18-kDa additional fragment. Digestion
was monitored on a 15% SDS–PAGE. (A) Coomassie blue staining. (B) Western blot with an anti-Flag (aFlag) antibody.
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epitope, respectively. As expected, NFlag-H6 is precipitated
by Cl120 and by Cl25 (Fig. 8, left panel, lanes Cl25 and
Cl120), but bacterial proteins from a control lysate are not
(Fig. 8, lane pET), confirming the specificity of the pre-
cipitation. NFlag-H6 is also precipitated by aFlag and aH6,
indicating that both fusion tags are accessible on the
surface of NFlag-H6 (Fig. 8, lanes Flag and H6). The possi-
bility that N could interact nonspecifically with mouse
antibodies is ruled out by the fact that untagged N is not
precipitated by aH6 (Fig. 8, lane N).
As shown in Fig. 8, right panel, NQDFlag-H6 is also
precipitated by antibodies Cl120, Cl25, aH6, and aFlag,
indicating that all the corresponding epitopes are ex-
posed on the surface of NQDFlag-H6.
NQD binds P
As discussed above, NNUC binds P (Huber et al., 1991).
To determine whether NQD also binds P, we tested the
ability of bacterial lysates expressing tagged N or NQD
to pull down untagged P on an IMAC resin. Since N and
P are expressed separately, N is produced in its self-
assembled form NNUC and the interaction tested is the
NNUC–P interaction. The IMAC resin selectively pulled
down NH6 expressed alone but not the untagged P ex-
pressed alone (Fig. 9, lanes N and P). As expected, when
both lysates were mixed, the IMAC resin selectively
pulled down NH6 together with a protein of the MW
expected for P (Fig. 9, lane NP). The identity of the
precipitated protein was confirmed using a P protein
tagged with an N-terminal Flag (PFlag) (not shown). To rule
out the possibility that the hexahistidine tag of NH6 could
be responsible for the precipitation of P, we used the
hexahistidine-tagged N-terminal domain of the MV phos-
phoprotein (PNTH6; Karlin et al., 2002) as a control, since
PNT does not bind NNUC (Liston et al., 1995). As expected,
PNTH6 did not pull down N
NUC (not shown).
As shown in Fig. 9, lane NQDP, NQD also selectively
pulled down P, indicating that it binds P.
Taken together, our results suggest that NQD is sim-
ilar to the native N immunogenically (as it is recognized
by anti-N monoclonal antibodies), structurally (since its
secondary structure is comparable to that of N and it still
possesses a 43-kDa core), and functionally (since it
binds P), but that its self-association is impaired, as seen
using EM.
FIG. 7. Circular dichroism (CD) spectra of N and NQD. Filled circles:
spectrum of NFlag-H6; open circles: spectrum of NQDFlag-H6. The spectra
were recorded in 10 mM sodium phosphate buffer, pH 7.0 (see Mate-
rials and Methods).
FIG. 8. Immunoprecipitation studies on N and NQD. The immunoprecipitation of N and NQD using various antibodies was monitored on a 10%
SDS–PAGE stained by Coomassie blue. (Left panel) Immunoprecipitation of NFlag-H6 by the mAbs aFlag, aH6, Cl25, and Cl120. Lane N: immunopre-
cipitation of the untagged N by aH6. Lane pET: immunoprecipitation by Cl120 of a control bacterial lysate transformed with the parental (pET21a)
plasmid. The same result was obtained with Cl25 (not shown). (Right panel) Immunoprecipitation of NQDFlag-H6 by the mAbs aFlag, aH6, Cl25, and Cl120
respectively. Arrowheads indicate the migration of light and heavy chains of antibodies, which are visible on the gel around 25 and 55 kDa,
respectively. Arrows correspond to native and mutant nucleoproteins.
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DISCUSSION
We have purified and characterized the bacterially
expressed nucleoprotein of MV, with an N-terminal, 8 aa
hydrophilic Flag (Brizzard et al., 1994), and a C-terminal
hexahistidine tag (NFlag-H6). N expressed in bacteria is
morphologically and immunogenically indistinguishable
from virion-extracted N (Warnes et al., 1995). Likewise,
the tagged NFlag-H6 forms typical herringbone nucleocap-
sid-like structures and reacts with two monoclonal anti-
bodies directed against different regions of N, indicating
that the N-terminal Flag does not prevent its proper
folding and assembly. This is noteworthy, since NCORE is
very sensitive to deletions (Bankamp et al., 1996; Buch-
holz et al., 1993; Curran et al., 1993; Myers et al., 1997,
1999). In particular, deletions in the N-terminus of N (aa
1–82) led to the formation of unstructured aggregates
(Buchholz et al., 1993). However, in agreement with our
results, the introduction of a 40 aa tag fused to the
N-terminus of Newcastle disease virus (NDV) N does not
impede folding and self-assembly (Errington and Emmer-
son, 1997).
Limited proteolysis of N yields a 43-kDa N-terminal
fragment corresponding to NCORE, while the C-terminal
NTAIL is entirely degraded, confirming previous reports
(Giraudon et al., 1988; Heggeness et al., 1981). The lack
of monoclonal antibodies generated against the very
N-terminus of N, and the fact that it is not attacked by
proteases, suggested that it was hidden inside the nu-
cleocapsid structure (Gill et al., 1988; Liston et al., 1997).
However, the N-terminal Flag of NFlag-H6 is accessible to
an anti-Flag antibody. This suggests that the N-terminus
of N lies on the surface of the nucleocapsid, in agree-
ment with the finding that relatively large N-terminal tags
cause no steric hindrance to the folding and assembly of
N (see above).
The mapping and the structural determinants of N
self-polymerization are poorly understood. A MV nucleo-
protein in which aa 189–239 are deleted does not self-
assemble but still binds P (Bankamp et al., 1996), sug-
gesting that this region is important for nucleocapsid
formation. In this study we have examined the effect of
substitutions in this region. The mutant NQD, in which
two conserved residues (S, L) have been replaced by
polar residues (Q, D) at position 228–229, was of partic-
ular interest. We have also designed a mutant of the CCR
(called NI324) in which F324 (conserved among
Paramyxovirus and Morbillivirus N) is replaced by I,
based on the observation that the corresponding SeV
NI324 does not self-assemble in mammalian cells [My-
ers, 1997, no. 75].
Remarkably, MV NI324 is stable in bacteria, contrary to
SeV NI324, which is unstable in mammalian cells (Myers
et al., 1997). NI324 and NQD are both less soluble in E.
coli than N, suggesting that they expose new hydropho-
bic surfaces to the solvent. Using gel filtration, we
showed that NI324 and NQD form high-degree multim-
ers.
The pattern of proteolysis of NI324 is indistinguishable
from that of N. Furthermore, it is still multimeric, as
opposed to the SeV NI324 mutant (Myers et al., 1997),
suggesting that the phenylalanine 324 is not the sole
self-assembly determinant of MV N. The multimers
formed by NQD are not nucleocapsid-like structures,
rather smaller, regular aggregates, as seen using EM. To
determine whether this was due to a major structural
change in the subunit of the polymer, we performed
direct structural studies on NQD. NQD still has the typ-
ical 43-kDa core of wild-type N. However, a new trypsin-
sensitive site that is not accessible in wild-type nucleo-
capsids is exposed in the aggregates formed by NQD.
The circular dichroism spectrum of NQD is very similar to
that of N, suggesting that the substitution has not mark-
edly affected its secondary structure. We could not dis-
tinguish NQD from N immunogenically either, using an-
tibodies directed against two epitopes located in the
core and in the tail of N, and both exposed on the outside
of the nucleocapsid (Giraudon et al., 1988). Furthermore,
in agreement with Bankamp et al. (1996), NQD retains
part of its biochemical relevance, as it still binds P.
Together, these results indicate that NQD has retained a
folding similar to that of N. It is not possible to ascertain
at this stage whether the SL(228–229)  QD mutation
disrupted self-association of N partially or if NQD is
aggregating randomly.
Recently, Schoehn et al. (2001) have shown that there
are four strong N–N binding sites on each N molecule of
RV (a Rhabdoviridae), two for each neighbor. Conse-
quently, they pointed out that disruption of two N–N
binding sites would probably be necessary for crystalli-
FIG. 9. Binding of N and NQD to P. Precipitation by an IMAC resin of
untagged P (P), tagged N (NH6), tagged N  untagged P (NH6 P),
tagged NQD (NQDFlag-H6), and tagged NQD  untagged P (NQDFlag-H6
P). Coomassie blue staining of a 10% SDS–PAGE. M: markers (94, 67,
43, 30, 20, 14 kDa). The arrows indicate the migration of N and P.
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zation of RV N. The number of N–N binding regions in
Paramyxoviridae N proteins is not known, but they con-
tain at least two such regions. One region is located
within the CCR and another within aa 1–255 (Liston et al.,
1997; Myers et al., 1997, 1999), likely in the region 189–
239 (Bankamp et al., 1996; this study).
Deletions of N that lead to the formation of aggregates
have been reported (Bankamp et al., 1996; Buchholz et
al., 1993; Myers et al., 1997, 1999). However, none of the
resulting nucleoproteins have been characterized from a
structural point of view. It is possible that such deletions
(as opposed to point substitutions) might cause struc-
tural damages in N. For instance, deletion of the whole
region 189–239 (50 aa) prevents multimerization of N
(Bankamp et al., 1996), whereas a point substitution in
this region yields another form of N–N interaction.
Structural studies of N proteins at the atomic level are
mainly limited by the self-polymerization problem, as well
as by the fact that N packages unspecific RNA when
expressed in the absence of ongoing viral replication. All
mutants with an impaired N–N association characterized
so far do not package RNA, suggesting that the RNA-
binding site of N is at least in part formed by the self-
assembly of N (Kouznetzoff et al., 1998; Myers et al., 1997,
1999). Likewise, NQD contains little or no RNA, as indi-
cated by its OD280/OD260 ratio.
In conclusion, we have mapped a region critical for
self-polymerization of MV N. Substitution of two amino
acids in this region to yield NQD led to another form of
N–N interaction. The structure of the monomer within the
aggregates formed by NQD is not altered with respect to
the wild-type N; NQD does not contain RNA, and it
retains P-binding ability, making NQD an attractive can-
didate for crystallization studies. The strategy employed
here might be applied to other viral proteins for which
macromolecular assembly impedes structural studies.
MATERIALS AND METHODS
Bacterial strains, chemicals, and antibodies
Bacterial strains and chemicals were as described in
Karlin et al. (2002). We used two anti-N monoclonal
antibodies, Cl 25 and Cl 120 (Buckland et al., 1989;
Giraudon et al., 1988), kindly provided by D. Gerlier.
Cloning of the P coding region
The plasmids pET21a/PH6 and pET21a/P encode the
phosphoprotein of measles virus (strain Edmonston B),
with or without an N-terminal hexahistidine tag, respec-
tively (Karlin et al., 2002). We constructed a third plasmid,
pET21a/PFlag, encoding the P protein with a Flag se-
quence (DYKDDDDK) (Brizzard et al., 1994) fused to its
N-terminus. pET21a/P was digested with NdeI and
BamHI, dephosphorylated, and ligated to a double-
stranded, phosphorylated synthetic oligonucleotide
(5 TATGGATTATAAAGACGATGACGACAAAGCAGAAGAG-
CAGGCACGCCATGTCAAAAACGGACTCGAGTGCA3 an-
nealed to 5 CTCGAGTCCGTTTTTGACATGGCGTGCCTGC-
TCTTCTGCTTTGTCGTCATCGTCTTTATAATCCA3) to yield
pET21a/PFlag.
Cloning of the N coding region
The plasmid pSC6/N encodes the N gene of the mea-
sles virus (strain Edmonston B) (Radecke et al., 1995). N
was cloned into the expression vector pET21a (Novagen)
by PCR using pSC6/N as a template. Forward primer (5
GGCCCATATGGCCACACTTTTAAG GAG C 3) was de-
signed to introduce an NdeI site fused at the N-terminus
of N, while the reverse primer (5 CCGGGAATTCT-
TAGTCTAGAAGATTTCTGTC 3) introduced an EcoRI site
after the N stop codon. The PCR product was digested
with NdeI and EcoRI and purified. The resulting fragment
was ligated between the NdeI and EcoRI sites of pET21a
to yield pET21a/N.
Two plasmids for the expression of tagged, recombi-
nant N proteins were generated from pET21a/N: pET21a/
NFlag, which encodes N with a Flag sequence fused to
its N-terminus, and pET21a/NFlag-H6, in which a hexa-
histidine tag is fused to the C-terminus of NFlag.
pET21a/N was digested with NdeI and BamHI, dephos-
phorylated, and ligated to a double-stranded, phosphor-
ylated synthetic oligonucleotide (5 tATGGATTATAAAG-
ACGATGACGACAAAgccacacttttaaggagcttagcattgttcaaa-




A hexahistidine tag was fused to the C-terminus of
NFlag by PCR using pET21a/NFlag as a template, forward
primer (5 attgcaatgcatactactgaggac 3), and reverse
primer (5ggccGAATTCttaGTGATGGTGATGGTGATGgtct-
agaagatttctgtcattgtacactat 3). The PCR product was di-
gested with NsiI and EcoRI and purified. The resulting
fragment was ligated between the NsiI and EcoRI sites of
pET21a/NFlag to yield pET21a/NFlag-H6. The sequences of
all coding regions were confirmed by sequencing.
Construction of the plasmids encoding mutant
nucleoproteins
The region between aa 189 and 239 of N, that we
targeted for mutations, corresponds to bp 565–717 in the
sequence of the N open reading frame (ORF). To allow
the rapid introduction of mutations in this region, we
constructed a cassette where several additional unique
restriction sites were inserted without changing the wild-
type amino acid sequence (silent sites). pET21a/NFlag-H6
was used to derive a construct in which the NFlag-H6 ORF
possesses four additional unique restriction sites (NruI,
SacII, EcoRI, BstBI) (see Fig. 1). First, the 3 proximal
EcoRI site of pET21a/NFlag-H6 was eliminated by digesting
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pET21a/NFlag-H6 sequentially with EcoRI and Mung Bean
nuclease, followed by re-ligation. Then the silent muta-
tions were introduced by several PCR steps, using either
synthetic oligonucleotides alone or PCR-amplified DNA
fragments combined with synthetic oligonucleotides as
primers. The resulting construct contains the following
unique sites within the region targeted for mutations:
Bsu36I (502); NruI (557); SacII (584); EcoRI (646); BstBI
(680); XmaI (754) (numbers in parentheses correspond to
their nucleotide position in the NFlag-H6 ORF).
Mutants NQD, NKD, and NQDKD were then con-
structed by inserting phosphorylated, double-stranded
synthetic oligonucleotides containing mutations be-
tween the BstBI and XmaI sites. Codons TCC TTA
encoding SL (228–229) were replaced with CAG GAT,
coding for QD, to yield pET21a/NQDFlag-H6. In pET21a/
NKDFlag-H6, codons TTC ATG encoding FM (232–233) were
replaced with AAA GAC, coding for KD. pET21a/NQDK-
DFlag-H6 contains both mutations.
The phenylalanine residue encoded at position 970 of
the N ORF was replaced by an isoleucine using recur-
sive PCR. The first round of PCR, using pET21a/NFlag-H6 as
template, yielded two PCR products, using (1) forward
primer 5 AGTGCAAGACCCTGAGGGATTCAAC3 with
reverse primer 5 AGGGTAGGATCCTGCACTAATCTTGT-
TCTGAA3 and (2) forward primer 5 TTCAGAACAAGAT-
TAGTGCAGGATCCTACCCT3 with reverse primer 5
CCTCAGTAGTATGCATTGCAATCTC3. The two PCR
products were used as reciprocal primers for a subse-
quent round of PCR, and the final product was ligated
between the Bsu36I and NsiI sites of pET21a/NFlag-H6 to
yield pET21a/NI324Flag-H6. The sequences of all coding
regions were confirmed by sequencing.
Expression of P and N
E. coli BL21(DE3) transformed with either pET21a/
NFlag-H6 or pET21a/PFlag-H6 in the presence of pUBS520
(Brinkmann et al., 1989) were grown and induced as
described for pET21a/PH6 (Karlin et al., 2002).
Expression of the variant nucleoproteins
E coli BL21(DE3) transformed with a mutant-encoding
plasmid (pET21a/NQDFlag-H6, pET21a/NQDKDFlag-H6, pET21a/
NKDFlag-H6, or pET21a/NI324Flag-H6) and with pUBS520 (Brink-
mann et al., 1989) was grown in Luria-Bertani medium
containing 100 g/mL ampicillin and 50 g/mL kanamycin.
At an OD600 of 0.5, the cells were incubated on ice for 2 h;
then 2% ethanol and 50 M IPTGwere added, and the cells
were grown at 17°C for 23 h. The induced cells were
harvested, washed, and collected by centrifugation. The
resulting pellets were frozen at 20°C.
Purification of N
Starting from a 1-L cell culture, the pellet containing
NFlag-H6 was resuspended in buffer A (50 mM sodium
phosphate pH 8.0, 300 mM NaCl) supplemented with 20
mM imidazole, 100 g/ml lysozyme, 1 g/ml DNase I,
125 l protease inhibitor cocktail (Sigma). After a 20-min
incubation on ice, the cells were disrupted by sonication
(using a 750 W sonicator for four cycles of 50 s at 50%
power output). The lysate was clarified by centrifugation
at 30,000 g for 30 min at 4°C.
The clarified supernatant was incubated for 1 h at 4°C
with gentle shaking with 4 ml chelating Sepharose fast
flow resin preloaded with Ni2 ions (Amersham Pharma-
cia Biotech), previously equilibrated in buffer A contain-
ing 10 mM imidazole. The resin was washed with buffer
A containing 20 mM imidazole, and N was eluted in
buffer A containing 250 mM imidazole. Eluates were
analyzed by SDS–PAGE for the presence of N. The frac-
tions containing N were combined, loaded onto a Super-
dex 200 HR 10/30 column (Amersham Pharmacia Bio-
tech), and eluted with buffer A. The protein was concen-
trated with Centripreps 30 (Millipore).
Purification of NI324
The purification of NI324Flag-H6, using IMAC, was iden-
tical to that of NFlag-H6. Analytical gel filtration was carried
out as described above.
Purification of NQD
All steps were performed at 4°C. Starting from a
250-ml cell culture, the pellet containing NQDFlag-H6 was
resuspended in 30 ml buffer B (20 mM Tris pH 8.0)
supplemented with 100 g/ml lysozyme, 1 g/ml DNase
I, 30 l protease inhibitor cocktail (Sigma). After 15-min
incubation with agitation, 30 ml buffer C (0.8% Igepal)
was added and the cells were incubated with rotation for
another 15 min. The cells were disrupted by sonication
(using a 750 W sonicator for five cycles of 40 s at 50%
power output). The lysate was clarified by centrifugation
at 30,000 g for 30 min at 4°C.
The clarified supernatant was incubated for 1 h with
gentle shaking with 1 ml chelating Sepharose fast-flow
resin preloaded with Ni2 ions, previously equilibrated in
buffer D (10 mM Tris pH 8.0, 0.4% Igepal). The resin was
washed with buffer D, and NQDFlag-H6 was eluted in buffer
D containing 150 mM imidazole. Eluates were analyzed
by SDS–PAGE for the presence of NQDFlag-H6. The frac-
tions containing N were combined, loaded onto a Super-
dex 200 HR 10/30 column (Amersham Pharmacia Bio-
tech), and eluted in 10 mM Tris pH 8.0.
Limited proteolysis
Proteolysis was performed at 37°C by dissolving N (1
mg/ml), NQD (0.2 mg/ml), or NI324 (0.2 mg/ml) in 50 mM
sodium phosphate buffer pH 7.5, 50 mM NaCl, 0.5 mM
DTT. Trypsin was used at an enzyme:substrate ratio
varying from 1:1000 to 1:50 (by weight). Proteolysis was
stopped after 1 h by adding 1 mM PMSF, and digested
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aliquots were mixed with 2 Laemmli sample buffer and
boiled. The extent of proteolysis was assayed by SDS–
PAGE and by Western blotting with anti-Flag (Sigma) or
anti-Histag (Qiagen) antibodies. Mass analysis of di-
gested fragments was performed as described in Karlin
et al. (2002).
Binding of N and NQD to P
Each coprecipitation assay concerned two proteins. A
hexahistidine-tagged protein (the precipitating protein)
was tested for its ability to precipitate a nontagged pro-
tein (the precipitated protein) on an IMAC resin. All pro-
teins used for coprecipitation studies (except NQD) were
prepared according to the same protocol. The induced
cells were harvested and divided into 5-ml aliquots.
These aliquots were pelleted and frozen at 20°C.
For each assay, two aliquots containing one hexahis-
tidine-tagged protein and one untagged protein were
resuspended in 500 l buffer E (10 mM Tris pH 8.0, 10
mM imidazole, 0.3% Igepal, 0.5 M NaCl) and sonicated
(using a 750 W sonicator and one cycle of 6 s at 35%
power output). The lysed aliquots were centrifuged 10
min at 13,000 g and the supernatants, containing the
soluble fractions, were recovered. The soluble fractions
of the two aliquots were mixed and immediately incu-
bated with 10 l TALON resin (Clontech) for 1 h at 20°C.
The mixture was centrifuged, and both the resin and the
supernatant were collected. The resin was washed twice
with 1 ml buffer E. It was then mixed with 10 l 2
Laemmli sample buffer, boiled, and loaded on a 10%
SDS–PAGE gel. For coprecipitation assays involving
NQD, a large-scale preparation of NQDFlag-H6 (lysed as
described above) was used. A bacterial-soluble fraction
(500 l) containing NQDFlag-H6 was mixed to a bacterial
lysate expressing the desired protein and to 10 l TALON
resin and tested for coprecipitation as described above.
Immunoprecipitation of N and NQD
Each assay concerned one bacterial lysate (express-
ing either the wild-type, the mutant nucleoprotein, or
none) and one antibody. The antibody was tested for its
ability to precipitate the nucleoprotein on a Protein
G–Sepharose 4FF resin. A culture of either NFlag-H6 or
NQDFlag-H6 was induced as described above; the induced
cells were harvested and divided into 5-ml aliquots,
which were pelleted and frozen at 20°C.
We used either the anti-N mAbs Cl25 or the Cl120
described above, or the mAbs directed against the Flag
(M2, Sigma), or hexahistidine tag (6 His, Qiagen),
herein called aFlag and aH6, respectively.
For each assay, an aliquot containing either the wild-
type or the mutant N was resuspended in buffer F (10
mM Tris pH 8.0, 0.1% Igepal, 150 mM NaCl) and soni-
cated (using a 750 W sonicator and one cycle of 6 s at
35% power output). All subsequent steps were performed
at room temperature. The lysed aliquots were centri-
fuged 10 min at 13,000 g and the supernatants, contain-
ing the soluble fractions, were precleared by incubation
for 30 min with 15 l Protein G–Sepharose. The pre-
cleared fractions were mixed with 2 g mAbs and im-
mediately incubated with 15 l Protein G–Sepharose for
1 h. The mixture was centrifuged, and both the resin and
the supernatant were collected. The resin was washed
twice with 1 ml buffer F. It was then mixed with 15 l 2
Laemmli sample buffer, boiled, and loaded on a 10%
SDS–PAGE gel.
Electron microscopy studies
A drop of a solution of N or NQD was placed on an air
glow discharged carbon-coated grid for a few seconds
and then negatively stained with a 2% uranyl acetate
aqueous solution. The structures formed by N and NQD
were observed in an electron microscope (Philips
CM12).
Determination of protein concentration
The theoretical absorption coefficients  (mg/ml cm) of
N at 280 and 260 nm are 280  0.72 and 260  0.48. The
theoretical ’s of NQD are the same, since the SL  QD
mutation in NQD did not suppress or introduce any
tryptophan, phenylalanine, or tyrosine. For RNA, 280  11
and 260  20. In the nucleocapsid, each N monomer (58
kDa) binds six ribonucleotides. Therefore N represents
96% in mass. Accordingly, the absorption coefficients of
the (N:RNA) complex are 280  1.13 (0.96  0.72 
0.04  11) and 260  1.26 (0.96  0.48  0.04  20),
and the corresponding ratio is (280/260)  0.9.
Circular dichroism
CD spectra of NFlag-H6 and NQDFlag-H6 were recorded on
a Jasco 800 dichrograph using 1-mm-thick quartz cells in
10 mM sodium phosphate pH 7.0, 0.5 mM EDTA, 0.5 mM
PMSF at 20°C. CD spectra were measured between 192
and 260 nm, conditions in which the PM tension was
below 600 V. Mean ellipticity values per residue ([])
were calculated as []  3300 mA/(lcn), taking into
account a path length (l) of 0.1 cm, a number of residues
(n) of 539, a molecular mass (m) of 60,000 Da, and a
protein concentration (c) of 0.21 and 0.16 mg/ml for N and
NQD, respectively, derived from their absorption at 280
nm as described above. Secondary structure contents
were estimated using the program CDNN (Dalmas et al.,
1994).
Multiple sequence alignment and secondary structure
prediction
The multiple alignment of N was generated using the
program ClustalW (Thompson et al., 1994) and then man-
ually adjusted with Seaview (Galtier et al., 1996). The
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secondary structure prediction was carried out using the
program PHD (Rost, 1996).
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